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Introduction: Hypothermia is widely used to mediate ischemia-reperfusion injury associated with repair of the thoraco-
abdominal aorta. Experiments were designed in amurinemodel of thoracic aortic ischemia-reperfusion (TAR) to evaluate
the effect of moderate systemic hypothermia on neurologic function, spinal cord morphology, and indices of inflamma-
tion in critical organs.
Methods:C57BL/6mice were subjected to TAR under hypothermic (34°C) or normothermic (38°C) conditions, followed
by 24 or 48 hours of normothermic reperfusion. Neurologic functions were assessed during reperfusion. Spinal cords
were examined at 24 and 48 hours after reperfusion, and the degree of injury qualified by counting the number of viable
motor neurons within the anterior horns. Keratinocyte chemokine, interleukin-6, and myeloperoxidase levels were
measured from lung, liver, and kidney at 24 and 48 hours.
Results: Normothermic TAR resulted in a dense neurologic deficit in all mice throughout the reperfusion period. Mice
subjected to TAR under hypothermic conditions had transient, mild neurologic deficit during the initial periods of
reperfusion. Between 24 and 48 hours, delayed paralysis developed in half of these mice, whereas the other half remained
neurologically intact. Spinal cord histology showed a graded degree of injury that correlated with neurologic function.
There was no correlation between markers of inflammation in various organs and neurologic outcomes following TAR.
Conclusion: Systemic moderate hypothermia was protective against immediate paralysis after TAR in all cases and was
associated with delayed paralysis in 50% of mice. This study suggests that delayed-onset paralysis may be the result of a
local insult, rather than a systemic inflammatory event, precipitating spinal cord injury. (J Vasc Surg 2010;52:435-43.)
Clinical Relevance: Spinal cord injury is one of the most devastating complications of vascular surgery on the
thoracoabdominal aorta. This study used a murine model that replicates the phenotypic and histologic characteristics of
spinal cord injury in humans after thoracic aortic ischemia, followed by reperfusion. The findings indicate that subtle
injury that exhibits minimal disability during the early periods after thoracic aortic ischemia-reperfusion may be a
harbinger of delayed paralysis. This early injury, obvious in mice, may not be evident in an intubated critically ill patient.
Delayed paralysis in mice was not associated with a delayed systemic inflammatory response but was associated with direct
evidence of graded motor neuron injury. These data suggest that early intervention during the ischemic period may be
necessary to avoid creating a scenario where the spinal cord will be susceptible to delayed injury.Spinal cord injury is a devastating complication after
repair of thoracic aortic aneurysm (TAA). Recent series
have shown the incidence of spinal cord injury after open
repair is between 4% and 13%.1,2 More recently, patients
whomeet certain anatomic criteria are offered endovascular
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doi:10.1016/j.jvs.2010.03.021repair of their TAA . Although early studies have demon-
strated more favorable outcomes in those undergoing en-
dovascular compared with open TAA repair,3-6 spinal cord
injury remains a significant clinical problem.4,6
Various adjuncts have been developed to improve neu-
rologic outcomes after TAA repair. They include the use of
distal aortic perfusion, systemic and local hypothermia,
sequential aortic clamping during open repair, preservation
of segmental blood supply to the spinal cord by reattaching
patent intercostal arteries, neurochemical protection, and
cerebrospinal fluid drainage.7
With the use of various combinations of these adjuncts,
the overall incidence of spinal cord injury has become
lower.8-13 However, a new entity—delayed paralysis—has
been observed where the onset of paralysis can range from
hours to months.14 A recent case report described the
development of paralysis in a patient 10 months after his
TAA repair.15 It is yet unclear what triggers the onset of
delayed paralysis in these patients, although various reports
have postulated that a second-hit event in the form of sepsis
or hypotension is what often precedes the neurologic defi-
cit.16,17
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these adjuncts—systemic hypothermia on thoracic aortic
ischemia-reperfusion (TAR)—using a murine model. Our
hypothesis was that systemic hypothermia would protect
the mice from paralysis by modulating the systemic inflam-
matory response to TAR injury. Unlike rabbit, porcine, or
canine models, the arterial supply to the mouse spinal cord
is identical to that of humans.18 Previous studies in our
laboratory have demonstrated anterior cord syndrome19
and increased systemic inflammatory response20 after TAR.
In this study, we examined whether systemic hypothermia
can modulate neurologic outcomes and inflammatory re-
sponse after TAR.
METHODS
Animal care and experimental procedures in this study
were performed in accordance with the “Principles of Lab-
oratory Animal Care” (Guide for the Care and Use of Lab-
oratory Animals, National Institutes of Health Publication
No. 86-23, Revised 1996) and approved by the Massachu-
setts General Hospital’s Subcommittee on Research Ani-
mal Care.
Animal protocol and TAR. These experiments used
8- to 10-week-old, male C57BL/6 mice (Jackson Labora-
tory, Bar Harbor, Me). TAR was achieved using a tech-
nique slightly modified from the initial description by
Lang-Lazdunski et al.18 Anesthesia was induced with in-
haled isoflurane at 2.0 L/min, and then maintained at
0.6-0.8 L/min throughout the procedure. After the induc-
tion of anesthesia, an intraperitoneal (IP) injection of 0.3
mL of lactated Ringer’s solution was given.
A cervical mediastinotomy was performed and dissec-
tion carried out to isolate the thoracic aorta between the left
carotid and the left subclavian artery. Five units of heparin
(170 U/kg) were injected subcutaneously just before the
thoracic aorta and the left subclavian artery were clamped.
Laser Doppler imaging was used for qualitative confirma-
tion of lower extremity hypoperfusion after aortic clamp-
ing, as previously described.19 The thoracic aorta was oc-
cluded for 8 minutes before the cervical mediastinotomy
was closed and recovery from anesthesia was initiated. The
mice were given IP injections of lactated Ringer’s at 1 hour
(0.3 mL) and 4 hours (0.5 mL) after reperfusion, and 0.5
mg/kg IP injections of buprenorphine after closure of the
cervical mediastinotomy and at 6 hours after reperfusion.
Experimental groups. There were four experimental
groups: normothermic TAR (38 TAR), hypothermic TAR
(34 TAR), normothermic sham (38 sham), and hypother-
mic sham (34 sham). For the 38 TAR and 38 sham groups,
the mice were actively warmed using a heating pad to
maintain a rectal temperature between 37.5°C and 38.5°C
during the procedure. For the 34 TAR and 34 sham
groups, the mice were passively cooled to achieve a rectal
temperature of 33.5°C to 34.5°C during aortic clamping
and then warmed with a heating pad to raise their rectal
temperature to 37.5°C before being revived from anes-
thesia.For both sham groups, cervical mediastinotomy was per-
formed anddissection carried out to expose the thoracic aorta.
The mice remained under anesthesia for 8 minutes without
aortic clamping and under normothermic or hypothermic
conditions, followed by cervical mediastinotomy closure.
Once the mice were awakened from anesthesia, they
were returned to their cages and allowed free access to
water and food. In addition, they were given fluid boluses
as described. After reperfusion periods of 1 or 2 days, mice
were euthanized with an IP injection of sodium pentobar-
bital (200 mg/kg) and their organs harvested.
Paralysis scoring scale. Mouse hind-limb neurologic
function was assessed by blinded observers on awakening
and at 1, 6, 24, and 48 hours after reperfusion. Motor
functions were graded using a mouse paralysis score (PS)
system18: (1) walking with hind limbs: 0  normal; 1 
toes flat under body when walking but ataxia is present; 2
knuckle-walking; 3movements in hind limbs but unable
to walk; and 4  no movement, drags hind limbs; and (2)
placing and stepping reflex: 0 normal; 1weak; and 2
no stepping. Each grade was obtained by adding the scores
for (1) and (2) to provide the PS.
Histopathology. Mice were euthanized at 24 or 48
hours after reperfusion, as described. The spine at the level of
T9 to L5 was harvested en block and fixed in 10% buffered
formalin for 24 hours and transferred to 70% alcohol. The
specimenswere decalcified, sectioned,mounted on slides, and
stained. Stained slides were examined under light microscopy
at original magnification200 (Nikon E600UprightMicro-
scope, Tokyo, Japan). Imageswere acquired from the anterior
horns of the spinal cords. A blinded observer examined the
images and counted the number of motor neurons from each
cross section of the spinal cord.
Tissue keratinocyte chemokine, interleukin-6, and
myeloperoxidase. Lung, liver, and kidney samples were
snap frozen in liquid nitrogen immediately after harvest and
stored at 80°C pending protein extraction, as previously
described.20 Tissue samples were homogenized in a test
tube containing 1 mL of radioimmunoprecipitation assay
buffer with 10 L of protease inhibitor cocktail (Sigma-
8340, Sigma, St Louis, Mo) and placed on ice for 30
minutes. The samples were sonicated for 20 seconds, incu-
bated on ice for 30 minutes, and centrifuged at 10,000g for
10 minutes. The supernatants were decanted, aliquoted,
and frozen (80°C) until analysis with enzyme-linked
immunosorbent assay (ELISA).
Tissue levels of keratinocyte chemokine (KC), interleukin-6
(IL-6), and myeloperoxidase (MPO) were measured using
commercially available ELISA kits according to the manu-
facturer’s protocols (KC and IL-6: R&D Systems, Minne-
apolis, Minn; MPO: Cell Sciences, Canton, Mass). The
ELISA plates were read with a Spectromax-250 plate reader
(Molecular Devices, Sunnyvale, Calif). The protein content
values were extrapolated off the standard curve and normal-
ized to the total protein concentration determined using
the BCA Protein Assay Reagent Kit (Pierce Biotechnology,
Rockford, Ill).
e pre
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Volume 52, Number 2 Kang et al 437Statistical analysis. All data are expressed as mean 
standard error of the mean, and all analyses were performed
using InStat 3 software (GraphPad Software, San Diego,
Calif). Comparisons between the experimental groups were
made using the unpaired t test,Mann-Whitney test, analysis
of variance, and Kruskal-Wallis post-tests.
RESULTS
Paralysis scoring. Upon recovery from anesthesia, 38
TARmice were densely paralyzed (PS 6 0.08; n 12)
and remained paralyzed throughout the entire 48 hours of
reperfusion (Fig 1, A and B), and 34 TAR mice exhibited a
variable, mostly mild neurologic deficit, that spontaneously
improved by 1 hour after reperfusion (Fig 1,A). Starting at
24 hours (Fig 1, B), only some 34 TAR mice developed
complete hind limb paralysis, such that by 48 hours, half of
the mice were paralyzed, whereas the other half remained
with intact neurologic function.
Mice from the 34 TAR group were therefore further
divided into those that developed delayed paralysis (34 DP,
n 10) and those that remained nonparalyzed (34NP, n
9). Fig 1, B shows the PS of these two groups over time. At
24 hours, there was no difference between the PS of 34 DP
and 34 NP mice, but both were significantly less than 38
TAR mice (P  .001). By 48 hours, 34 NP mice had PS
that were significantly less than both 34 DP and 38 TAR
(6.00  0.08 vs 0.11  0.12; P  .001). There was no
difference in the PS of 34DP and 38 TARmice at 48 hours.
Spinal cord histology. At 48 hours after reperfusion,
the anterior half of the spinal cords from 38 TAR mice
showed a significant amount of vacuolization, with the
higher magnification slide showing paucity of motor neu-
rons within the anterior horns (Fig 2, A and B). Likewise,
spinal cords from 38 TAR mice at 24 hours after reperfu-
Fig 1. Temporal paralysis scores (A) through 48 hours a
and 48 hours after TAR. The 38 TAR mice uniformly d
normothermic reperfusion (A and B). A, Mice subjec
neurologic deficit upon recovery from anesthesia and
(*P  .0001 vs 38 TAR). B, Between 24 and 48 hou
paralysis (34 DP), whereas the other half remained w
TAR, P  .001 vs 38 TAR and 34 DP). The data arsion showed a similar pattern of injury (figure not shown).Spinal cords from 34 TAR mice at 24 hours after reperfu-
sion, however, showed no signs of injury. Spinal cords from
34 DP mice (Fig 2, C and D) showed evidence of vacuol-
ization at 48 hours, but unlike 38 TAR mice, injury was
localized more peripherally and normal architecture was
maintained, with viable motor neurons closer to the central
canal. In contrast, spinal cords from 34 NP mice (Fig 2, E
and F) did not show any evidence of injury.
The degree of injury from these mice was quantified by
counting the number of motor neurons. At 24 hours after
reperfusion (Fig 3, A), 34 TAR mice had a significantly
higher number of motor neurons compared with 38 TAR
mice (191.81  7.76 vs 70.17  10.88; P  .0001, n 
8-16). There was no difference in the number of motor
neurons between 34 TAR mice and 34 sham mice (n 5).
At 48 hours after reperfusion (Fig 3, B), there was a graded
decrease in the number of motor neurons that correlated
with neurologic deficit. A significantly higher number of
motor neurons were found in 34 NP mice (n  6) com-
pared with 34 DP (160.83  16.09 vs 87.50  7.46; P 
.001, n 6) and 38 TARmice (160.83 16.09 vs 45.00
6.02; P  .001, n  6). In addition, 34 DP mice had a
significantly higher number of motor neurons than 38 TAR
mice (P  .05, n  6). There was no difference in the
number of motor neurons between 34 NP mice and 34
sham mice at 48 hours (n  4).
Tissue levels of KC, IL-6, and MPO
Tissue KC, IL-6, and MPO levels were determined
from lung, liver, and kidney at 24 and 48 hours after
reperfusion.
Lung. At 24 hours (Fig 4,A), there was a significantly
lower level of lung KC in 34 sham mice compared with 38
sham mice (5.03  0.75 vs 8.23  1.17 pg/mg total
horacic aortic ischemia-reperfusion (TAR) and (B) at 24
ed dense neurologic deficit throughout the 48 hours of
o systemic hypothermia (34 TAR) had much milder
normal neurologic function by 1 hour reperfusion
ter reperfusion, about half of these mice had delayed
tact neurologic function (34 NP) (**P  .001 vs 38





ith inprotein; P .03, n 9) and a trend toward a lower level in
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August 2010438 Kang et alFig 2. Photomicrographs show spinal cord histology results at 48 hours after thoracic aortic ischemia-reperfusion
(TAR). Spinal cord sections stained with hematoxylin and eosin (H&E) from (A and B) 38 TAR mice demonstrate
significant degree of injury, as indicated by replacement of normal architecture with vacuoles and paucity of
motoneurons in the anterior half of the spinal cord. Spinal cords from (C andD) 34DPmice also demonstrate evidence
of injury; however, injury is limited to the periphery of the anterior horns compared with the spinal cords from 38 TAR
mice. Finally, spinal cords from (E and F) 34 NP mice show no evidence of vacuolization or destruction of cord tissue
(original magnification 200).
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12.14 4.36 pg/mg total protein; P .08, n 8-13). At
48 hours (Fig 4, B), lung KC levels among groups were
similar (n  8-9 per group). Lung IL-6 levels between 34
TAR and 38 TARmice did not differ at 24 (Fig 4, C) or 48
hours (Fig 4,D). The lung MPO level in 34 TAR mice was
significantly lower compared with 38 TAR mice (Fig 4, E)
at 24 hours (7.87  0.42 vs 19.30  4.75 ng/mg total
protein; P  .01, n  8-15). Although a trend was noted
toward a significant difference in lung MPO levels among
34NP, 34DP, and 38 TARmice at 48 hours (Fig 4, F), this
difference was not statistically significant (n  8-11 per
group). In addition, the level of lungMPOwas significantly
lower in 34 sham mice compared with the 38 sham mice at
48 hours (21.38  3.12 vs 43.28  8.06 ng/mg total
protein; P  .02, n  5-7 per group).
Liver. The difference in liver KC, IL-6, or MPO levels
among anygroups at 24or 48hourswas not significant (Fig 5,
A-F).
Kidney. The level of kidney KC in 34 TAR mice was
significantly lower than in 38 TAR mice at 24 hours (2.19
0.31 vs 20.29 9.03 pg/mg protein; P .02, n 8-15; Fig
6, A). Similarly, kidney KC levels among 34 NP, 34 DP,
and 38 TAR mice were significantly different at 48 hours
(1.54  0.22 vs 4.37  1.08 vs 5.09  1.42 pg/mg
protein; P  .02, n  8 per group; Fig 6, B). At 24 hours,
the kidney IL-6 level in 34 sham mice was significantly
lower compared with 38 shammice (0.72 0.05 vs 0.88
0.06 pg/mg protein; P  .04, n  9 per group; Fig 6, C).
However, there was no difference in kidney IL-6 levels
between 34 TAR and 38 TAR mice. At 48 hours, kidney
IL-6 levels were similar between the two sham groups (Fig
6, D); however, the difference among 34 NP, 34 DP, and
38 TAR mice was significant (0.81  0.08 vs 1.93  0.44
vs 1.55 0.38 pg/mg protein; P .01, n 8 per group).
Fig 3. The degree of injury to the spinal cord was quan
24 and (B) 48 hours after thoracic aortic ischemia-repe
decrease in number of motoneurons (*P .0001) compa
of motoneurons between 34 TAR and sham mice. B, At
motoneurons than 34 DP (P  .05) and 34 NP mice
lower number of motoneurons compared with 34 NP m
error of the mean.There was a trend toward a lower level of kidneyMPO in 34TARmice compared with 38 TARmice at 24 hours (1.62
0.10 vs 2.04  0.22 ng/mg total protein; P  .06, n  9
per group; Fig 6, E). By 48 hours, there was a significant
difference in kidneyMPO levels among 34 NP, 34 DP, and
38 TARmice (9.40 0.85 vs 7.66 0.69 vs 14.43 2.54
ng/mg total protein; P .03, n 6-8 per group; Fig 6, F).
DISCUSSION
These experiments demonstrate that systemic hypo-
thermia is protective against immediate dense paralysis after
TAR; however, delayed paralysis developed in hypothermic
mice between 24 and 48 hours after TAR.Delayed paralysis
was an unexpected finding in these experiments, because
our initial goal in this work was to determine whether
hypothermia provided protection against paralysis induced
by TAR by modulating the systemic inflammatory response
to vital organs such as lung, liver, and kidney. The murine
model is small in size and is somewhat difficult to develop,
but it provides an anatomic and neurologic correlation with
anterior cord syndrome associated with paralysis after open
and endovascular repair of the TAA in humans.18,19 Further-
more, as an experimental model, the molecular tools needed
to evaluate the pathophysiology of paralysis locally in the
spinal cord and in systemic tissues are readily available.
Local and systemic hypothermia has been used to pro-
tect humans against the stress of vascular reconstruction of
the TAA for many years.7,9,12 Reservations about the use of
systemic hypothermia center on the potential for develop-
ment of coagulopathy, resulting in the focus on regional
hypothermia directly on the spinal cord in some centers.9
Owing to the size of the mouse and the rapid (5 to 10
minutes) development of passive systemic hypothermia in
the anesthetized mouse, no attempt was made to achieve
regional (ie, direct spinal cord) hypothermia in these exper-
by looking at the number of viable motoneurons at (A)
n (TAR). A, At 24 hours, 38 TAR mice had a marked
ith 34 TARmice. There was no difference in the number
ours, 38 TAR mice had a significantly lower number of
P  .001). In addition, 34 DP mice had a significantly
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tion against neurologic dysfunction immediately after re-
covery from anesthesia; however, the degree of injury was
substantially less than that observed under normothermic
conditions (Fig 1,A). Moreover, hypothermic mice had no
gross evidence of neurologic dysfunction by 6 hours after
reperfusion compared with severe ongoing hind-limb pa-
ralysis detected in the normothermic mice (Fig 1, A).
Between 24 and 48 hours (Fig 1, B), 50% of the hypother-
mic mice remained neurologically intact, whereas dense
delayed paralysis developed in the other half.
To determine whether there was histologic evidence of
injury that preceded delayed paralysis, the spinal cords from
Fig 4. Lung tissue levels at 24 and 48 hours’ reperf
chemokine (KC), (C andD) interleukin-6 (IL-6), and (E
the only marker of inflammation with significantly differ
hours, there was no difference in (B) lung KC, (D) IL-6
were two instances where 34 and 38 shammice had signi
hours (*P  .03) and (F)MPO at 48 hours (P  .02)mice subjected to TAR at hypothermic conditions werecompared with the spinal cords from the normothermic
mice, and the degree of injury was quantified by assessing
the number of viable motor neurons. At 24 hours, hypo-
thermic TARmice showed no evidence of injury within the
spinal cord on microscopic evaluation, although a signifi-
cant neurologic injury developed in 50% by 48 hours after
reperfusion (Fig 3,A). In contrast to the histologic appear-
ance of the spinal cord at 24 hours, three distinct patterns of
spinal cord injury were observed at 48 hours (Fig 3, B). As
expected, mice subjected to TAR under normothermic
conditions had the least number of motor neurons, whereas
the delayed-paralysis group showed an intermediate loss of
motor neurons, with injury localized to the periphery of the
are shown, respectively, for (A and B) keratinocyte
F)myeloperoxidase (MPO). E, At 24 hours, MPO was
vels between 34 and 38 TAR mice (**P  .01). At 48
(F) MPO levels among the experimental groups. There
ly different levels of inflammatory markers: (A) KC at 24




ficantanterior horns. The nonparalyzed hypothermic mice had
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mice.
Evidence in the clinical scenario suggests that delayed
paralysis occurs after an episode of systemic stress or shock
during the postoperative period.16,17 To determine whether
there was evidence of systemic stress in the mice before
delayed paralysis developed and whether hypothermia
modulated the inflammatory response after TAR, tissue
levels of KC, IL-6, and MPO were measured in the lung,
liver, and kidney. There was no evidence to suggest that
systemic stress preceded development of delayed paralysis
as assessed by looking at the tissue cytokine levels in the
hypothermic mice at 24 hours. If systemic stress had re-
sulted in delayed onset paralysis, we would have expected to
Fig 5. Liver levels at 24 and 48 hours’ reperfusion are
(KC), (C and D) interleukin-6 (IL-6), and (E and F)
IL-6, or MPO levels at either time point among any gr
mean.see a wide range in tissue cytokine levels in these mice at 24hours because delayed paralysis developed in only about
half of them; hence, only half would be expected to have
elevated levels of cytokines. This is rather difficult to state
decisively, and a model resulting in closer to 100% delayed
paralysis would be amuchmore useful model to answer this
question.
There was also no clear evidence that hypothermia
modulated the inflammatory response after TAR. Only
in renal tissue did the levels of KC, IL-6, and MPO seem
to correlate with neurologic outcomes of mice at 48
hours. The observed difference in cytokines in the renal
tissue might be due to reflux renal injury from urinary
retention secondary to neurogenic bladder. Although
the bladders of all paralyzed mice are evacuated manually
n, respectively, for (A and B) keratinocyte chemokine
loperoxidase (MPO). There was no difference in KC,
. The data are presented with the standard error of theshow
mye
oupsevery 8 hours in this experimental protocol, bladder
ror of
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are paralyzed. We did not observe any consistent corre-
lation between liver or lung cytokine levels and neuro-
logic outcomes or the use of hypothermia in mice sub-
jected to TAR.
CONCLUSIONS
These experiments indicate that systemic hypothermia
is protective against immediate spinal cord injury after
TAR. Systemic hypothermia was also associated with de-
layed paralysis in about 50% of the mice undergoing TAR.
We did not observe a clear correlation between systemic
Fig 6. Kidney levels at 24 and 48 hours’ reperfusion ar
(KC), (C andD) interleukin-6 (IL-6), and (E and F)mye
higher level of KC in 38 TAR mice compared with 34
difference in all three markers in the kidney among the e
.03). In addition, there was a significant difference in IL
P  .04). The data are presented with the standard erinflammatory response and the development of delayedparalysis. We therefore propose that delayed paralysis in the
mouse may be associated with local injury in the spinal cord
rather than a systemic insult. Future studies in our labora-
tory will focus on looking at markers of inflammation
within the spinal cord after TAR.
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